Abstract -A resistive sensor (RS) devoted to the measurement of a high power microwave (HPM) pulse is presented. The performance of the RS is based on electron heating effect in semiconductor. It can measure HPM pulses directly; it is resistant to large power overloads and demonstrates very good long-term stability. The RS can produce an output signal of the order of a few tens of Volts without any amplification circuit and it can be done sufficiently fast to measure nanosecond duration HPM pulses. In this paper, different types of the RS developed, manufactured and tested in our laboratory are presented
INTRODUCTION
Nowadays, high power microwave (HPM) pulses are used in different physical investigations and industry. Since the standard pulse power meter that uses Schottky diode can handle only a small amount of power (of the order of 1 W), direct couplers or attenuators with high attenuation (60 -90 dB) has to be used for HPM pulse measurement. On the one hand, large attenuation results in the decrease of the measurement accuracy. On the other hand, a small signal is detected, and some problems could arise to measure such a signal in the presence of the hard stray pick-up and the electromagnetic field interference, which are usual to the environment of HPM generators.
Therefore the problem of great importance is to develop sensor, which can detect HPM pulses without using large additional attenuation and produce high output signal. To solve this problem we propose a resistive sensor (RS) the performance of which is based on a semiconductor bulk resistance change in the strong electric field [1] . The following advantages of the RS in comparison with Schottky diode can be mentioned: (i) possibility to measure HPM pulse directly in the transmission line without using direct couplers or attenuators, (ii) the large output signal from the sensor is available (up to a few tens of volts), (iii) high reliability and overload resistance is characteristic of the RS, and (iv) switching off DC supply of the RS the parasitic signal induced in the measurement circuit by the external electromagnetic field can be determined. These features made the RS irreplaceable for the HPM pulse measurement at harsh conditions.
The waveguide-type RS for the measurement of HPM pulses in different waveguide frequency bands (1-115 GHz) have been designed and manufactured. Resistive sensors were tested in free space. The RS connected to a horn antenna and followed by a matched load comprises a unit for microwave pulse power density determination in free space. The tests have shown that the RS can measure pulse power density up to a few MW/m2. The RS could find application in HPM pulse power diagnostic and monitoring.
RESISTIVE SENSOR
By placing semiconductor sample in a transmission line and measuring the resistance change occurring when the electric field of the microwave pulse heats electrons in the sample, the microwave pulse power in the transmission line can be determined.
Since the resistance change of a semiconductor is a basis for resistive sensor's operation, for HPM pulse measurement we actually use a resistor made from n-type Si. A sensing element (SE) of the RS is a bar or plate-shaped piece of Si with Ohmic contacts. Impurity diffusion followed by metal evaporation is used to form contacts. A typical sample length is from 0.1 to 10 mm. Depending on the particular application, various ingots of silicon with different specific resistances are used.
To measure the resistance change in the microwave electric field, the SE should be connected to a DC circuit as shown in Fig.1 . Therefore, the output signal from the RS being measured using a high input resistance measuring unit can be expressed in the following way
where U 0 is a DC voltage drop on the SE and R/R is a relative resistance change of the SE occurring in the microwave electric field. Rectangular waveguides are widely used as transmission lines for HPM applications. Therefore, we have focused our attention on the measurement of pulsed power in the rectangular waveguides and designed two main types of the RS.
First one getting name cross-waveguide type RS is made as a section of a standard waveguide where the sensing element is mounted. A schematic view of the RS is shown in Fig.2a . The sensing element of the RS is placed in the center of the waveguide. It is a bar-shaped piece of semiconductor with Ohmic contacts on its ends. The specific resistance of the semiconductor used as the sensing element is in the range 20-200 ·cm. The length of the sensing element corresponds to the dimension of the narrow wall of the waveguide. The grounded end of the SE is directly connected to the waveguide. The other end of the sensing element is isolated and connected to the measurement circuit and current source. The RS described above has been mainly used for the measurement of intermediate levels of pulse power (~1 kW) at X-band (waveguide size 23x10 mm 2 ).
Improving thermal characteristics of the sensor and widening its possible applications for HPM pulse measurements, the diaphragm type RS shown in Fig. 2b has been developed. It is seen that in this case the sensing element is placed in the center of the waveguide between a thin metal foil and a wide wall of the waveguide. The length of the SE roughly corresponds to 1/10 of the narrow wall of the waveguide.
At least two advantages of the diaphragm type RS over the cross-waveguide type RS can be mentioned. First, by decreasing the length, thermal characteristics of the SE are improved. Second, since the sensing element occupies only a part of the waveguide window, a smaller reflection from it can be expected even though a lower specific resistance semiconductor is used for the manufacturing of the sensing element. The diaphragm type RS has been upgraded for the measurement of nanosecond-duration HPM pulses. The resistive sensors from S to Ka-band have been manufactured, calibrated and tested.
Considering expression (1), one can see that the output signal from the RS linearly grows with the DC voltage drop on the SE. The DC voltage applied on the SE can not be increased too much due to its heating. To overcome this difficulty and get larger signal we propose to use a pulsed current source synchronised with a measured pulse. It produces roughly 300 s DC current pulse. The amplitude of the current is adjusted to get desirable voltage drop on the SE. After 280 s when the current pulse starts, the HPM pulse source is triggered. Therefore, the output signal appears as a short video pulse on the pad of the feeding pulse. A differencing circuit cuts the pad and the useful signal is measured by an oscilloscope. The pulsed current source allows a significant increase of the output signal from the RS without any amplification circuit.
Measured output signal dependencies on pulse power are shown in Fig. 3 . It is seen that using DC pulse feeding for the RS the output signals up to 30 V were obtained. It should be pointed out that the RS has been calibrated up to pulse power levels available in the laboratory. They can likely be used at higher pulse power levels, ultimately limited by air breakdown in the waveguide.
We estimated a response time of the RS using the time domain reflectometry method. The sensor is fed by a DC pulse with a subnanosecond rise time, and by measuring the duration of the transient formed by the initial and reflected pulse, the response time of the RS was estimated. Measurement results for the different band RS are collected in Table 1 .
Band
, ns /T S 2.5 8 C 2 10 X 0.5 5 Ka 0.4 7 Ku 0.2 7
As one can see from the third column of the table, the response time of sensors is no more than ten periods of microwave oscillations. Therefore manufactured RS can measure microwave pulses duration of which is of the order of tens ns. It was confirmed by tests of the X-band RS using short HPM pulses generated by a SINUS-6 electron beam accelerator driving backward wave oscillator at the University of New Mexico
The main drawback of the waveguide type RS for short HPM pulse measurement is a large variation of the sensitivity in a waveguide's frequency band. It was determined that the sensitivity of the X-band RS changes in the frequency band by more than a factor of two (Fig.4) . The same frequency response is likely to be characteristic of the RS in other frequency bands as well. Having in mind the drawback of the waveguide type RS, we performed investigations of factors influencing frequency response.
Making use of the finite-difference timedomain method, the peculiarities of the interaction of the semiconductor sample inserted under a thin metal diaphragm in the waveguide have been investigated [2] . It was shown that the average electric field strength in the SE is influenced by a resonance phenomenon. The resonance occurs when the effective length of the diaphragm for the wave propagating under it becomes a whole number of half-wave. Varying electro physical parameters of the diaphragm type RS (diaphragm length, dimensions and specific resistance of the SE) and taking into account that the resistance of the RS should be less or equal 50 , the optimal set of parameters providing the smallest possible sensitivity variation in the waveguide's frequency band has been determined. Maximum to minimum sensitivity ratio 1.09 was found for the optimal set of parameters. Experimentally measured frequency responses of the initial and optimized RS are shown in Fig.4 . It is seen, that the optimized RS is characterized by a smooth dependence of the sensitivity on frequency. Experimentally measured sensitivity variation is roughly 6% in waveguide's frequency range. That is sufficiently close to the theoretically predicted value 1.09. The absolute value of the measured sensitivity coincides well with the calculated one. A small difference between them can be attributed to size tolerances between the actual device and modeled prototype, to small mechanical displacements when installing the SE under the diaphragm, and to measurement errors.
The RS found application for the measurement of HPM pulse power density in free space. The RS connected to a horn antenna from one side and to a matched load from the other comprise a unit that is able to measure pulse power density in free space up to a few MW/m 2 . The units measuring pulse power density or electric field strength in free space are shown in Fig 5 We used these units for HPM pulse power density or electric field strength E measurement in a semi-anechoic chamber for investigation of different materials, electronic devices and biological objects under HPM radiation. General view of the semi-anechoic chamber with transmitting and receiving antennas is shown in Fig. 6 .
A test object (it is not shown in Fig. 6 ) and receiving antenna are located in a far zone of the transmitting antenna. The object under test and receiving horn antenna are placed in a close proximity to each other. Therefore one can assume that the same electric field strength E was measured by the RA connected to the RS and is radiated to the test object. The electric field measured by the RS was compared with calculated one from known radiated power and the gain of transmitting antenna. Radiated power, as it is seen from Fig. 6 , is also measured with the help of the RS. The agreement of 15% between measured directly and calculated values of E confirms the reasonable accuracy of E measurement using resistive sensors. Fig. 5 . A view of different band (L, S, C, X, and Ku) measuring units for microwave pulse power density or electric field strength measurement in free space. The units are composed of known gain horn antenna, resistive sensor and matched load.
CONCLUSIONS
The resistive sensors, based on electron heating effect in semiconductors, are one of the most promising devices for HPM applications. The RS can measure 40-60 dB higher pulse power in comparison with a conventional diode. It can be used in a wide frequency range were at a moment powerful HPM pulse sources are designed and manufactured. The RS demonstrates very good long-term stability and is resistant to large power overloads. Using the DC pulse supply for the RS feeding, an output signal up to a few tens of Volts can be obtained without any amplification circuit. The resistive sensors can be done sufficiently fast to measure microwave pulses with a duration of the order of a few tens periods of microwave oscillations. Making use the increase of the electric field in the sensing element with frequency due to a resonance phenomenon, sufficiently flat frequency response of the RS in the waveguide's frequency band can be engineered, compensating not only decrease of the electric field due to waveguide dispersion but also the decrease of the electron heating effect with frequency.
The RS connected to a horn antenna from one side and to a matched load from the other comprise a unit that is able to measure pulse power density in free space up to a few MW/m 2 .
